Introduction {#Sec1}
============

Monitoring treatment progress and outcomes is pivotal to patient care \[[@CR1]\]. Therefore, an important part of orthodontic treatment involves the study of longitudinal changes induced by growth and treatment in the dentofacial complex in individual patients \[[@CR2]--[@CR5]\]. Superimposing tracings of serial lateral cephalograms has facilitated knowledge about normal craniofacial growth and development as well as knowledge about the treatment effects produced by various orthodontic, orthopedic, and surgical procedures \[[@CR3], [@CR6]\]. A reference system is required for a superimposition to be able to determine exactly what and where changes occurred. Such references must be consistently visible in the cephalograms of the individual, and they must be stable within the time frame of the observation period \[[@CR3], [@CR7]\].

Several studies \[[@CR8]--[@CR14]\] have proposed the use of the anterior cranial base as reference for superimposition since there is little or no growth after 7--8 years of age when the spheno-ethmoidal synchondrosis ceases to grow. After that time a number of structures especially those associated with neural tissues remain stable and can be relied upon for superimposition \[[@CR1]\].

Many types of superimposing methods have been used for 2D lateral cephalograms. However, 2D imaging does not fully represent a 3D structure, because much of the information is lost when 3D structures are depicted as 2D images \[[@CR15]--[@CR17]\]. Thus, while 2D cephalometric superimposition is the conventional method used to evaluate craniofacial growth and treatment outcomes, superimposition of CBCT scans, nowadays, allows a 3D visualization of these effects. Similar to cephalometric tracings, 3D models constructed from CBCT scans can be superimposed manually by registering common stable landmarks or by best fit of stable anatomical regions \[[@CR18]--[@CR20]\].

Three general methods of 3D cephalometric superimposition are well-published and used for clinical diagnosis and assessment of orthodontic treatment outcomes: (1) voxel-based, (2) point/landmark-based, and (3) surface-based. For overall superimposition, these methods use parts of the anterior cranial base, as a reference structure for CBCT superimposition, a structure known to have completed most of its growth before the adolescent growth spurt, therefore making it a quite stable reference structure for superimposition \[[@CR14], [@CR21]\].

Most of the limitations of 3D superimposition techniques are related to variability in imaging and landmark identification flaws and software/hardware related errors. In addition, most of the methods that have currently been proposed \[[@CR22]--[@CR25]\] for clinical settings are quite time-consuming. Thus, the establishment of a precise, reliable and efficient system to analyze images produced by 3D imaging is needed. Therefore, this study analyzed two voxel-based \[CMFreg (Craniomaxillofacial registration) and Dolphin\] and one point/landmark-based (LMD) superimposition methods. The voxel-based and the landmark-based methods have been previously validated, hence, this study evaluated and verified the reliability to measurement errors of the three methods when aligning the pre and post-growth/treatment images to provide clinicians with information about the reproducibility of the structural changes produced by growth and treatment effects in children and adolescents.

Material and methods {#Sec2}
====================

A retrospective, observational longitudinal study was carried out on individuals that received comprehensive orthodontic treatment at the University of Alberta. Thirty-six patients with available pre- and post-treatment CBCTs were selected from a population of 11 to 14-year-old teenagers. The mean age of patients at the time of the initial CBCT was 12.4 ± 0.9 years (Cervical Vertebrae Maturation index \[CVM\] stage 3--4). The mean age at final CBCT was 14.3 ± 0.8 years. The sample included seventeen males and nineteen females.

The interval between pre-treatment (T1) and post-treatment (T2) ranged from 22 to 25 months apart. Fourteen patients presented Class I malocclusion, eight mild Class II malocclusion and fourteen mild Class III malocclusion. All patients received a non-extraction treatment and included rapid maxillary expansion, full fixed appliances, and intermaxillary elastics.

This study only analyzed previously gathered data from patients that participated in randomized clinical trials. No additional imaging was requested for these patients. Ethics approval was obtained by the Institutional Health Research Ethics Board at the University of Alberta for secondary data analysis.

CBCT volumetric data were taken using the iCAT New Generation Volumetric Scanner at 120 kV, 5 mA, and 8.9 s. Images were obtained and converted to Digital Imaging and Communications in Medicine (DICOM) format using the iCAT software with a voxel size of 0.3 mm.

Analysis of the images was carried out by one researcher using the respective superimposition techniques (CMFreg/Slicer, Dolphin and landmark-derived). Extensive training was required prior to superimposing with each method. Intra-observer reliability within each method was done using ten images and two repetitions each, with each measurement trial being at least 1 week apart. For the voxel-based methods reliability was tested twice, ten cases each, one performing a second superimposition with registration at the cranial base and one retracing landmarks only.

Reliability among the three methods was performed using the complete sample; the first trial of thirty-six cases of each method was used. Ten landmarks, used in previous studies \[[@CR7], [@CR23], [@CR26]--[@CR30]\], were marked on three-dimensional images at T1 and T2 with each of the three methods to assess reliability (Table [1](#Tab1){ref-type="table"}). Table 1Landmark definitionMaxilla ANSThe tip of the bony anterior nasal spine, in the median plane A-PointThe point at the deepest midline concavity on the maxilla between the anterior nasal spine and prosthion PNSThe intersection of a continuation of the anterior wall of the pterygopalatine fossa and the floor of the nose, marking the dorsal limit of the maxilla OrRThe lowest point in the inferior margin of the right orbit OrLThe lowest point in the inferior margin of the left orbitMandible MeMenton -- The most inferior midline point on the mandibular symphysis B-PointThe point at the deepest midline concavity on the mandibular symphysis between infradentale and pogonion GoRConstructed point of intersection of the right ramus and the mandibular plane GoLConstructed point of intersection of the left ramus and the mandibular plane PgPogonion -- The most anterior of the bony chin in the median plane

Voxel-based CMFreg/slicer method {#Sec3}
--------------------------------

This method uses two different open-source programs ITK-Snap (<http://www.itksnap.org>) and 3D Slicer (<http://www.slicer.org>). Using ITK-Snap software program (version 2.0.0) T1 and T2 DICOM files were opened and converted to GIPL (Guys Imaging Processing Lab) format for easy processing. Segmentations then were created using the GIPL.GZ files for both pre and post treatment scans using the 3D Slicer software program (version 4.7.0) to construct 3D volumetric label maps.

Then, surface models were created using the T1 segmentation in 3D Slicer to re-orient the head to establish a common coordinate system across subjects for group comparisons \[[@CR31]\]. Once the head orientation step was completed, the T2 image was manually approximated in relation to T1 image using 3D Slicer. ITK-Snap was used to segment the area of the cranial base to be used as a reference for the superimposition using semi-automatic segmentation.

The registration (superimposition) of the T2 image upon the T1 image was carried out on the segmented cranial base, using the craniomaxillofacial tool and the setting growing rigid automatic registration in 3D Slicer. During the superimposition, T2 was reoriented guided by the best fit of the outlines of the anterior cranial base and automatically superimposed on a static T1, creating a registered T2 surface model.

Once the superimposition was completed, the T1 scan and segmentation, as well as the registered T2 scan and segmentation, were landmarked using ITK-Snap. Ten 3D landmarks were identified using the three views (axial, sagittal and coronal) for consistency of landmark location. After placing the defined landmarks to T1 and T2 images, 3D surface models were created using 3D Slicer. These models were utilized to measure the absolute differences between the pre and post-treatment images by applying the Q3DC module (Quantification in 3D and directional changes in each plane of the three planes of space). 3D linear distances between T1 and T2 of corresponding landmarks were quantified in the transversal (x-axis), antero-posterior (y-axis) and vertical (z-axis) direction (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, and [4](#Fig4){ref-type="fig"}). Fig. 1Flow Diagram CMFreg/slicer Method. This method uses two different programs ITK-Snap and 3D Slicer. T1 and T2 DICOM files are initially opened and converted to GIPL using ITK-Snap. Segmentations then are created using the GIPL.GZ files for both pre and post treatment scans using the 3D Slicer to construct 3D volumetric label maps. Surface models are created after using the T1 scan and segmentation in 3D Slicer to re-orient the head \[[@CR1]\]. Once the T1 scan has been reoriented, the registration (superimposition) of the T2 image upon the T1 image is carried out on the segmented cranial base. Then T1 and T2 images are landmarked using ITK-Snap and new models are created to measure the absolute differences between the pre and post-treatment images Fig. 2Head orientation with CMFreg/Slicer method. Using the Transform function pre and post-treatment images are reoriented utilizing Foramen Magnum, Crista Galli and Glabella on the sagittal plane, Frankfort horizontal (Porion-Orbitale) on the vertical plane, and Porion to Porion on the transverse plane Fig. 3Cranial base approximation with CMFreg/Slicer method. Axial, coronal and sagittal views are used to superimpose pre and post images Fig. 4Color-coded map with CMFreg/Slicer method for visualization purposes only, not quantitative assessment. Frontal (Fig. 4a) and 45 degrees (Fig. 4b) views of the 3D color-coded maps showing the change in millimetres

Landmark-derived method {#Sec4}
-----------------------

Using AVIZO software, the DICOM files were rendered into a volumetric image using 512 × 512 matrices giving a range of 400--420 DICOM slices. Sagittal, axial and coronal multiplanar slices, as well as the 3D image reconstructions, were used to determine the position of the seven landmarks used to superimpose the T1 and T2 images.

Given the coordinates of three reference landmarks for a plane, 3D visualization software can compute the plane; however, entering the three-point coordinates usually is a time-consuming repetitive manual process. A similar argument applies to determine the perpendicular distance. In order to resolve this issue, this study reproduced the mathematic procedure in Microsoft Excel. This allowed the reference planes and perpendicular distances to be automatically calculated whenever the landmark coordinates were updated.

Four landmarks were required to define a 3D anatomical reference co-ordinate system. The left and right external auditory meatus (EAML and EAMR, respectively) and the dorsum foramen magnum (DFM) were selected as suggested by previous research. The fourth point, ELSA, defined as the midpoint between the left and right foramen spinosum \[[@CR32]\] was selected as the origin of the new Cartesian co-ordinate system. From the origin, 3D positional co-ordinates for the EAML, EAMR and DFM were determined \[[@CR7]\].

The optimization formulation used in this study was the 6-point algorithm, that not only optimizes the location of the same three points (i.e. EAML, EAMR and DFM) as used in the 4-point algorithm but also includes both foramen ovale \[right and left (FOR and FOL)\] in each image \[[@CR33], [@CR34]\]. The addition of two extra landmarks (FOR and FOL) in the optimization analysis was shown to reduce the envelope of error when determining the co-ordinate system \[[@CR7]\]. Once data was optimized, linear distances between the 3D coordinates were calculated using the Euclidean distance formula. Each landmark was included in multiple linear measurements of different orientations to be able to assess all dimensions (superior-inferior, anterior-posterior, right-left) (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). Fig. 5Flow Diagram Landmark-derived Method. Using AVIZO software, sagittal, axial and coronal multiplanar slices, as well as the 3D image reconstructions, were used to determine the position of the seven landmarks used to superimpose the T1 and T2 images; left and right auditory external meatus, left and right foramen spinosum, left and right foramen ovale and dorsum foramen magnum; as well as the ten landmarks use to assess reliability and measurement error. Once data was optimized in Matlab, linear distances between the 3D coordinates were calculated using the Euclidean distance formula in Excel Fig. 6Landmark placement with landmark-derived method. Image reconstruction and sagittal slice with 0.5 mm yellow landmarks. Cranial base section with seven landmarks used for superimposing pre and post- treatment scans

Voxel-based -- dolphin method {#Sec5}
-----------------------------

For each patient, T1 and T2 CBCT images were approximated using four landmarks located at the right and left frontozygomatic sutures and the right and left mental foramen and superimposed on the cranial base using voxel-based superimposition tool in Dolphin 3D (Chatsworth, CA -version 11.8.06.15 premium). The area of the cranial base used for superimposition was defined by a red box in the three different multiplanar views (axial, sagittal and coronal). The superimposition was achieved by moving the T2 image in relation to the T1 image creating a registered T2 image. No head orientation procedure was performed, as Dolphin software does not have the tool.

Then the slice views (axial, sagittal and coronal) were used to confirm the precision of Dolphin 3D superimposition. Once this step was completed, the registered post-treatment scans were exported as DICOM files and opened in ITK-Snap software to convert them into GIPL format similar to the procedure done with the CMFreg/Slicer method. 3D slicer was then used to segment the whole skull using Intensity Segmenter tool, with the same intensity level for all cases to remove any potential error due to the segmentation process. Thus, a surface model of post-treatment segmentation was created for each particular patient. Then T1 and T2 images were ready for landmarking using ITK-Snap.

After placing the defined landmarks to pre and post-treatment images, 3D surface models were created using 3D Slicer for all the levels used in ITK-Snap. These models were utilized to measure the absolute differences between the pre and post-treatment images by applying the Q3DC function (Quantification of directional changes in each plane of the three planes of space). 3D linear distances between T1 and T2 of corresponding landmarks were quantified in the transversal (x-axis), antero-posterior (y-axis) and vertical (z-axis) direction (Figs. [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"}). Fig. 7Flow Diagram Dolphin Method. T1 and T2 CBCT images are approximated using 4 landmarks located at the right and left frontozygomatic sutures and the right and left mental foramen and superimposed on the cranial base. Then the slice views (axial, sagittal and coronal) are used to confirm the precision of Dolphin 3D superimposition. Once this step is completed, the registered post-treatment scans are exported as DICOM files and opened in ITK-Snap software to convert them into GIPL format. After placing the defined landmarks to pre and post-treatment images, 3D surface models were created using 3D Slicer. 3D linear distances between T1 and T2 of corresponding landmarks are then quantified and color-coded maps are created Fig. 8Cranial base approximation with Dolphin method. The area of the cranial base used for superimposition is defined by a red box in the three different multiplanar views (axial, sagittal and coronal), only coronal and sagittal slices are showing here. The superimposition is achieved by moving the T2 image in relation to the T1 image creating a registered T2 image Fig. 9Color-coded maps with Dolphin method for visualization purposes only, not quantitative assessment. Frontal (Fig. 9a) and 45 (Fig. 9b) degrees views of the 3D color-coded maps showing the change in millimetres. As observed, no head orientation procedure has been performed, as Dolphin software does not have the tool

### Statistical analysis {#Sec6}

For all tests, the statistical significance was set at *P*-value of 0.05.

Intra-examiner reliability of 3D superimposition per method {#Sec7}
-----------------------------------------------------------

Intraclass Correlation Coefficient (ICC) was used to measure the level of agreement between the two repeated measurements of 3D linear distances (difference between T2-T1) within each method by the principal investigator. Paired-sample T-test was performed to compare the means of corresponding measurements following the first and second superimpositions with registrations at the anterior cranial base and the first superimposition with registration at the cranial base and the landmark retracing only for both voxel-based methods (CMFreg/Slicer and Dolphin).

Intra-examiner reliability of 3D superimposition among methods {#Sec8}
--------------------------------------------------------------

ICC was used to assess the level of agreement between the measurements of 3D linear distances (difference between T2-T1) among all the three methods. 3D changes in the craniofacial complex with each method were assessed by one-way repeated measures analysis of variance (ANOVA) followed by post-hoc analysis.

Results {#Sec9}
=======

A summary of results is presented in Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}, [5](#Tab5){ref-type="table"}, [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"}, [8](#Tab8){ref-type="table"}, [9](#Tab9){ref-type="table"}, [10](#Tab10){ref-type="table"} and [11](#Tab11){ref-type="table"}. Table 2Intra-examiner reliability of linear measurements - voxel-based CMFreg/Slicer methodComplete superimpositionRetracing landmarks onlyDistancesICC95% Confidence intervalICC95% Confidence intervalLower boundUpper boundLower boundUpper boundANS T2-T10.9330.7310.9830.9400.7570.985A-Point T2-T10.8660.4620.9670.8940.5730.974PNS T2-T10.8950.5790.9740.9000.5990.975OrR T2-T10.8340.3310.9590.8990.5930.975OrL T2-T10.9150.6560.9790.9300.7190.983Menton T2-T10.9900.9590.9970.9980.9900.999B-Point T2-T10.9680.8690.9920.9730.8930.993GoR T2-T10.9670.8660.9920.9730.8890.993GoL T2-T10.9040.6130.9760.9420.7650.985Pg T2-T10.9260.7020.9820.9800.9200.995 Table 3Paired sample T-test - voxel-based CMFreg/Slicer methodComplete superimpositionRetracing landmarks onlyDistancesMean (mm)95% Confidence intervalSig.Mean95% Confidence intervalSig.LowerUpperLowerUpperANS T2-T10.17−0.3210.6610.454− 0.03− 0.4560.3920.867A-Point T2-T10.33− 0.4071.0730.3360.47−0.5130.6610.782PNS T2-T10.34−0.3240.9970.2790.41−0.1330.9560.122OrR T2-T1−0.21− 0.5790.1540.222−0.03−0.3510.2880.828OrL T2-T1−0.01− 0.4240.2330.526−0.04−0.3340.2510.755Menton T2-T10.18−0.1650.5280.266−0.05−0.2260.1260.534B-Point T2-T1−0.24− 0.8130.3370.3730.02−0.5100.5580.921GoR T2-T10.44−0.3190.9210.0640.24−0.1690.6550.215GoL T2-T10.67−0.2621.5990.1380.48−0.2511.2190.17Pg T2-T10.40−0.4411.2460.3080.20−0.2410.6460.329 Table 4Intra-examiner reliability of linear measurements - landmark-derived methodDistancesICC95% Confidence intervalLower boundUpper boundANS T2-T10.9520.8080.988A-Point T2-T10.9530.8110.988PNS T2-T10.712−0.1610.928OrR T2-T10.9130.6500.978OrL T2-T10.8250.4440.954Menton T2-T10.9550.8310.989B-Point T2-T10.9260.7320.981GoR T2-T10.9530.8110.988GoL T2-T10.9480.8050.987Pg T2-T10.9930.9720.998 Table 5Paired sample T-test - landmark-derived methodDistancesMean (mm)95% Confidence intervalSig.LowerUpperANS T2-T10.74−0.0941.5750.076A-Point T2-T1−0.09− 0.9850.8040.824PNS T2-T10.910.0631.7590.038OrR T2-T10.71−0.1171.5300.084OrL T2-T10.890.0611.7100.038Menton T2-T10.920.1311.7180.027B-Point T2-T11.140.1782.1080.025GoR T2-T10.74− 0.1601.6340.096GoL T2-T11.170.5951.7410.001Pg T2-T1−0.06− 0.5370.4250.797 Table 6Intra-examiner reliability of linear measurements - voxel-based dolphin methodComplete superimpositionLandmarks onlyDistancesICC95% Confidence intervalICC95% Confidence intervalLower boundUpper boundLower boundUpper boundANS T2-T10.9590.8350.990.9680.8700.992A-Point T2-T10.9110.6410.9780.9160.6610.979PNS T2-T10.9190.6720.980.9200.6780.980OrR T2-T10.9050.6160.9760.9360.7410.984OrL T2-T10.9030.6110.9760.9200.6790.980Menton T2-T10.9930.9700.9980.9950.9780.999B-Point T2-T10.9490.7930.9870.9590.8340.990GoR T2-T10.9710.8830.9930.9740.8960.994GoL T2-T10.9430.7720.9860.9560.8230.989Pg T2-T10.9790.9170.9950.9880.9520.997 Table 7Paired sample T-test - voxel-based dolphin methodComplete superimpositionLandmarks onlyDistancesMean (mm)95% Confidence intervalSig.Mean95% Confidence intervalSig.LowerUpperLowerUpperANS T2-T10.13−0.2750.5390.4830.09−0.2640.4410.582A-Point T2-T10.19− 0.3750.7530.468−0.21− 0.6900.2620.335PNS T2-T1−0.02−0.2940.2540.871−0.03−0.3700.3020.823OrR T2-T10.09−0.1750.3600.454−0.01−0.2490.2370.955OrL T2-T1−0.03−0.3120.2460.795−0.02−0.2850.2350.834Menton T2-T1−0.04−0.3500.2720.781−0.16−0.4310.1190.232B-Point T2-T10.29−0.3930.9700.3640.09−0.5080.6910.738GoR T2-T1−0.04−0.4480.3740.8420.26−0.1520.6630.190GoL T2-T1−0.03−0.7230.6540.913−0.03−0.6340.5640.898Pg T2-T10.40−0.0620.8630.0820.11−0.2510.4650.517 Table 8Intra-examiner reliability of linear measurements - three superimposition methodsThree superimposition methodsVoxel-based (CMFreg/Slicer and dolphin)DistancesICC95% Confidence intervalICC95% Confidence intervalLower boundUpper boundLower boundUpper boundANS T2-T10.307−0.0590.5890.8850.7770.941A-Point T2-T10.389−0.0230.6620.8630.7330.93PNS T2-T10.4800.1360.7090.5450.1010.769OrR T2-T1−0.071−0.3370.230.5960.2110.793OrL T2-T10.267−0.0740.5510.7410.4920.868Menton T2-T10.6590.1970.8450.9040.9010.974B-Point T2-T10.5490.1390.7690.9430.8890.971GoR T2-T10.6460.3740.8090.9720.9450.986GoL T2-T10.7590.5740.870.7870.5820.892Pg T2-T10.4020.0290.6590.9190.8410.959 Table 9Intra-examiner reliability of linear measurements - three superimposition methodsVoxel-based CMFreg/Slicer and landmark-derivedVoxel-based dolphin and\
landmark-derivedDistancesICC95% Confidence intervalICC95% Confidence intervalLower boundUpper boundLower boundUpper boundANS T2-T10.119−0.2010.4220.143− 0.1820.446A-Point T2-T10.231− 0.1940.5550.210−0.1950.529PNS T2-T10.289−0.2310.6110.353−0.1580.656OrR T2-T1−0.137−0.5390.254−0.081− 0.3770.241OrL T2-T10.167−0.1770.4750.100−0.1540.372Menton T2-T10.460−0.1760.7510.480−0.2010.772B-Point T2-T10.348−0.1710.6560.335−0.1780.646GoR T2-T10.394−0.0940.6760.406−0.0770.684GoL T2-T10.5380.1250.760.7170.3130.871Pg T2-T10.252−0.2140.5740.257−0.2090.577 Table 10One-way repeated measures anova - pairwise comparisonsLandmarksSuperimposition method95% Confidence intervalMean (mm)Lower boundUpper boundp-valueANSVoxel-Based CMFreg/Slicer Method - Landmark-derived Method3.3122.1194.5050.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.148−0.2110.5080.920Voxel-Based Dolphin Method - Landmark-derived Method3.4602.3274.5940.000A-PointVoxel-Based CMFreg/Slicer Method - Landmark-derived Method3.3062.2014.4120.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.129−0.2560.5151.000Voxel-Based Dolphin Method - Landmark-derived Method3.1772.0384.3160.000PNSVoxel-Based CMFreg/Slicer Method - Landmark-derived Method1.0210.2391.8040.007Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.116−0.4740.7071.000Voxel-Based Dolphin Method - Landmark-derived Method1.1380.5941.6810.000Orbitale RightVoxel-Based CMFreg/Slicer Method - Landmark-derived Method2.7311.6223.8400.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.163−0.2570.5831.000Voxel-Based Dolphin Method - Landmark-derived Method2.8941.8763.9120.000Orbitale LeftVoxel-Based CMFreg/Slicer Method - Landmark-derived Method2.9272.0263.8290.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.089−0.3080.4861.000Voxel-Based Dolphin Method - Landmark-derived Method3.0162.1643.8680.000MentonVoxel-Based CMFreg/Slicer Method - Landmark-derived Method3.5212.1554.8860.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.144−0.2860.5731.000Voxel-Based Dolphin Method - Landmark-derived Method3.6642.3724.9570.000B-PointVoxel-Based CMFreg/Slicer Method - Landmark-derived Method3.3711.8804.8620.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.094−0.3050.4941.000Voxel-Based Dolphin Method - Landmark-derived Method3.4661.9654.9660.000Gonion RightVoxel-Based CMFreg/Slicer Method - Landmark-derived Method1.5170.4162.6180.004Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.068−0.1600.2971.000Voxel-Based Dolphin Method - Landmark-derived Method1.4490.3452.5520.007Gonion LeftVoxel-Based CMFreg/Slicer Method - Landmark-derived Method0.993−0.0081.9950.052Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.127−0.5780.8321.000Voxel-Based Dolphin Method - Landmark-derived Method1.1200.4151.8250.001PogonionVoxel-Based CMFreg/Slicer Method - Landmark-derived Method5.0932.4327.7540.000Voxel-Based CMFreg/Slicer Method - Voxel-based Dolphin Method0.010−0.4670.4871.000Voxel-Based Dolphin Method - Landmark-derived Method5.1032.4867.7190.000 Table 11Advantages and disadvantages of 3d superimposition methodsSuperimposition methodsFeaturesCMFreg/SlicerDolphinLandmark-derivedProcessing TimeUp to 3 h from segmentation to color-coded maps. Cranial base registration itself takes from 5 to 60 minUp to 50 min if numerical assessment and color--coded maps for visual evaluation are required. Cranial base registration itself takes about10 minutes, but it often fails, requiring repetition, which increasing timeUp to 35 min from landmarking to numerical assessment. Approximately 15 min for landmarking only. Numerical assessment requires another 15--20 minComplexityHighly complex for a naïve user. Multiple steps and two different software programs are used throughout the processEasy to use but utilizes a volume cube for reference not only stable structures. 3D surfaces visual and quantitative evaluations after registration steps require similar steps to CMFreg/Slicer and need to be followed using Slicer and ITK-Snap software programsEasy to use. Only landmark placement is requiredConvenience/AccessOpen-source software programs. 3D Slicer and ITK-SnapLicense requiredLicense requiredVisual AssessmentSuperimposition of surface models and color-coded maps for more thorough visual evaluationSuperimposition of surface models and color-coded maps using other software for more thorough visual evaluationNot availableReliabilityExcellent reliabilityExcellent reliabilityGood reliabilityMeasurement ErrorLess than 0.7 mmLess than 0.4 mmLess than 1.2 mm when assessed reliability. However, there was a magnified error when compared to the voxel-based methodsAccuracyNo gold standard availableNo gold standard availableNo gold standard available

Intra-examiner reliability of 3D superimposition per method {#Sec10}
-----------------------------------------------------------

### Voxel-based CMFreg/slicer method: first and second Cranial Base superimposition {#Sec11}

Using ten pre-determined 3D linear distances, good to excellent agreement for intra-examiner reliability was found on all skeletal landmarks as indicated by an ICC ≥ 0.904. All these ICC values were considered acceptable; however, lower bound of CI of two landmarks (APoint and OrR) were below 0.50 (Table [2](#Tab2){ref-type="table"}).

### Voxel-based CMFreg/slicer method: first Cranial Base superimposition and landmark retracing only {#Sec12}

Good to excellent agreement for intra-examiner reliability was found on all skeletal landmarks in the 3D measurements as indicated by an ICC ≥ 0.900. All lower bound of CI were above 0.50 (Table [2](#Tab2){ref-type="table"}).

Table [3](#Tab3){ref-type="table"} shows the differences between the first and second superimposition with registration at the anterior cranial base. Mean differences between both superimpositions were less than 0.67 mm. No statistically significant differences were found at any landmark (*P*-values \> 0.05).

Table [3](#Tab3){ref-type="table"} also shows the differences between the first superimposition with registration at the anterior cranial base and the landmark retracing. Mean differences between both trials were less than 0.74 mm. No statistically significant differences were found at any landmark (*P*-values \> 0.05).

### Landmark-derived method {#Sec13}

Excellent agreement for intra-examiner reliability was found on eight skeletal landmarks in the 3D measurements as indicated by an ICC ≥ 0.913. OrL and PNS showed good and moderate intra-examiner reliability respectively, ICC ≥ 0.712. All these ICC values are considered acceptable; however, lower bound of CI of two landmarks (OrL and PNS) were below 0.50 (Table [4](#Tab4){ref-type="table"}).

Mean differences between the first and second superimpositions were as high as 1.168 mm. Statistically significant differences were found at five skeletal landmarks: PNS, OrL, Menton, BPoint, and GoL (*P*-values \< 0.05) (Table [5](#Tab5){ref-type="table"}).

### Voxel-based dolphin method: first and second Cranial Base superimposition {#Sec14}

Excellent agreement for intra-examiner reliability was found on all skeletal landmarks in the 3D measurements as indicated by an ICC ≥ 0.905 (Table [6](#Tab6){ref-type="table"}).

### Voxel-based dolphin method: first Cranial Base superimposition and landmark retracing only {#Sec15}

Excellent agreement for the intra-examiner reliability was observed on all skeletal landmarks in the 3D measurements as indicated by an ICC ≥ 0.916, when only landmarks were retraced (Table [6](#Tab6){ref-type="table"}).

Table [7](#Tab7){ref-type="table"} shows the differences between the first and second superimposition with registration at the anterior cranial base. Mean differences between both superimpositions were less than 0.4 mm. No statistically significant differences were found at any skeletal landmark (*P*-values \> 0.05).

Table [7](#Tab7){ref-type="table"} also shows the differences between the first superimposition with registration at the anterior cranial base and the landmark retracing. Mean differences between both trials were less than 0.26 mm. No statistically significant differences were found at any skeletal landmark (*P*-values \> 0.05).

Intra-examiner reliability of 3D superimposition among methods {#Sec16}
--------------------------------------------------------------

Good agreement for the intra-examiner reliability was observed only at GoL, ICC = 0.759 when the three 3D superimposition methods were evaluated. Menton, BPoint and GoR showed moderate agreement as indicated by an ICC ≥ 0.549 (Table [8](#Tab8){ref-type="table"}).

When assessing both voxel-based methods (CMFreg/Slicer and Dolphin), excellent agreement for intra-examiner reliability was noted on four skeletal landmarks (Me, BPoint, GoR and Pg) in the 3D measurements as indicated by an ICC ≥ 0.904 (Table [8](#Tab8){ref-type="table"}). However, when assessing the voxel-based CMFreg/Slicer and the Landmark-derived methods, moderate agreement was found only at GoL, ICC = 0.538. The rest of skeletal landmarks showed poor agreement as indicated by an ICC ≥ − 0.137 (Table [9](#Tab9){ref-type="table"}). A similar trend was observed when assessing the voxel-based Dolphin and the Landmark-derived methods, moderate agreement for the intra-examiner reliability only at GoL, ICC = 0.717. The rest of the skeletal landmarks showed poor agreement as indicated by an ICC ≥ − 0.081 (Table [9](#Tab9){ref-type="table"}).

The one-way repeated measurements ANOVA revealed evidence of a statistically significant difference between the mean of distances T2-T1 when comparing CMFreg/Slicer method to Landmark-derived method and when comparing the Dolphin method to the Landmark-derived method in the overall 3D at all dependent variables (Table [10](#Tab10){ref-type="table"}).

Discussion {#Sec17}
==========

Historically, cranial base superimposition of serial lateral cephalograms has provided clinicians with a visual assessment of overall hard and soft tissue changes resulting from treatment, either orthodontic, orthopedic or orthognathic surgery; and/or growth during a time frame. One of the major disadvantages of using a conventional cephalometric analysis is that 3D information is depicted as 2D data and often limited to midline structures. Improvements in image registration algorithms have led to the development of new methods for CBCT volume superimposition to overcome the issues faced with generated 2D images.

The challenge of image registration is to superimpose CBCT volumes of patients with craniofacial changes due to the normal growth and/or treatment response at different time-points. In these situations, the different CBCT volumes may have dissimilar imaging acquisition, field of view, and dental/skeletal components modified by growth and/or treatments, making the registration process more difficult and prone to failure. Therefore, this study aimed to compare three commonly used 3D superimposition methods and determine if they can reliably be used to superimpose T1 and T2 CBCT images of growing patients registered at the anterior cranial base and if there is any difference among them.

The reliability of the three 3D superimposition methods was tested in this study by calculating the mean linear distances between the two models (T2-T1) at ten different anatomic regions. When the methods were analyzed individually, the ICC results showed good to excellent agreement for the intra-examiner reliability with CMFreg/Slicer and landmark-derived methods, and excellent intra-examiner reliability when CBCT images were superimposed with Dolphin method. The slightly higher agreement observed with the Dolphin method could just be a reflection of the examiner's expertise since this was the last method assessed. Similar although less powerful results were reported by Nada et al. \[[@CR35]\], who tested the reproducibility of CBCT superimposition on the anterior cranial base and the zygomatic arches using voxel-based image registration of 3D CBCT scans from sixteen adult patients who underwent combined surgical orthodontic treatment. When the models were registered at the anterior cranial base, intra-observer reliability was reported to be moderate to good between the repeated superimpositions: the ICC ranged between 0.53 and 0.94 and the mean distances between the two models registered on the zygomatic arch remained within 0.5 mm. Likewise, Cevidanes et al. \[[@CR22]\] studied the variability between observers in quantification of treatment outcome only using color-coded distance maps for different anatomic regions on 3D CBCT models registered on the anterior cranial base using a voxel-method method. They reported an inter-examiner range of measurements across anatomic regions equal or less than 0.5 mm, which they considered to be clinically insignificant.

The reproducibility of the registration was also tested on both voxel-based (CMFreg/Slicer and Dolphin) methods. There were no evident differences found between the first and second cranial base registrations and the retracing landmarks only, as demonstrated by an excellent agreement for the intra-examiner reliability. In addition, paired t-tests showed no statistical significance with mean differences between both the superimposition and retracing landmarks only. Since differences ≤0.4 mm are not likely clinically significant, the registration process of CMFreg/Slicer and Dolphin methods can be considered clinically reproducible. These results are in agreement with the reports from Cevidanes et al., \[[@CR22]\] who assessed cranial base superimposition in growing patients and Nguyen et al. \[[@CR36]\] and Ruellas et al. \[[@CR30]\] who tested regional superimpositions demonstrating a similar range in their findings.

On the other hand, when assessing reliability among the three methods, the ICC demonstrated less powerful agreement with a wide range of confidence interval. ICC values were the lowest when comparing the landmark-derived method and the voxel-based (CMFreg/Slicer and Dolphin) methods. Moderate to excellent agreement; however, was observed for the intra-examiner reliability when comparing the voxel-based methods against each other; even though the head orientation procedure was not performed with the Dolphin method. Ruellas et al. \[[@CR31]\] have shown that the amount of directional change in each plane of 3D space is strongly influenced by head orientation, and the precise assessment of direction of change requires a common 3D coordinate system.

From the results of this study, the three 3D superimposition methods demonstrated an overall 3D change in the craniofacial complex during an average of 24 months of evaluation (mean age of 12.4 years - CVM 3--4 at initial records). Both voxel-based methods (CMFreg/Slicer and Dolphin) showed similar mean differences between T1 and T2 images with no statistical significance in their differences. On the other hand, the landmark-derived method exhibited mean differences as high as twice as the mean differences obtained with any of the voxel-based methods in the overall 3D assessment. When the methods assessed the changes at each landmark per components, eight skeletal landmarks (ANS, APoint, PNS, Menton, Bpoint, GoR, GoL and Pg) showed the highest variation in the superior-inferior component, with inferior direction, and two skeletal landmarks (OrR and OrL) in the antero-posterior component, with anterior drift. Similar to the overall 3D evaluation, the landmark-derived method exhibited the highest mean differences when assessed per component, being the superior-inferior component that demonstrated the most substantial variation (Appendices I -- II).

According to the present study, the landmark-derived method generated magnified errors since the 3D linear distances were higher when compared to the other two methods in all the defined landmarks. Although the method showed moderate to excellent agreement for the intra-examiner reliability when assessed individually, poor to moderate agreement was observed when all the methods were evaluated simultaneously. These results contradict the findings from DeCesare \[[@CR7]\] study, who reported a reduced envelope of error using the 6-point correction algorithm optimized analysis instead of the 4-point when determining the co-ordinate system. Although, the landmark-derived registration method uses a number of landmarks as reference and they could be susceptible to landmark identification errors, reliability in landmark identification was determined to be adequate. Therefore, a potential reason for the reduced reliability and increased measurement error may be the lack of stability of the reference areas, as the landmarks used to superimpose the pre- and post-treatment images are located in the medial and posterior cranial base, which are known as unstable areas due to growth and remodeling that occurs during childhood and adolescence \[[@CR1], [@CR14], [@CR37], [@CR38]\].

The magnitude of variation obtained with both voxel-based methods (CMFreg/Slicer and Dolphin) appears to be within the range of change observed by previous research \[[@CR39]--[@CR45]\]. However, as none of these methods are considered the gold standard for 3D superimposition -- the realistic validity standard to be compared to; the accuracy of the results cannot be determined. Therefore, it is unknown if the amount of change generated by the two voxel-based (CMFreg/Slicer and Dolphin) methods is closer to the real value or it is the landmark method the one that is closer to the truth. Nevertheless, it is a good start to know that two similar computing-based superimposition methods generated quite similar measurements (Table [11](#Tab11){ref-type="table"}). In addition, as the included individuals had orthodontic treatment, it is not possible to verify if the amount of change seen at the specific landmarks in the maxilla and mandible was due to growth only, or it was a combination of growth and treatment effects. Consequently, even with the availability of 3D imaging, quantification of growth/treatment is still an area for research.

Limitations {#Sec18}
-----------

The biggest limitation of this study is the lack of a gold standard (ground truth) for 3D superimposition. Thus, although two out of the three methods tested in this study showed very minor differences between them and the mean differences were not statistically significant, it is not possible to determine the accuracy of the results.

Another important limitation is the use of a single investigator and the significant learning curve that all of the three 3D superimposition methods used in this study required. CMFreg/Slicer method had the highest level of complexity among all the three methods and used two different software programs (3D Slicer and ITK-Snap) throughout the process. Although it includes systematic steps to obtain a high level of precision, it is highly time-consuming. Dolphin method, on the other hand, is faster and user-friendlier, however, to quantify changes, scans are required to be loaded in ITKSnap for landmark placement and then measure using Q3DC tool in 3D Slicer. These additional steps increase the working time and process complexity. The landmark-derived method appears to be simpler, since it only requires landmark placement similar as in a 2D cephalometric analysis, although in a 3D image. However, the software requires some expertise and it does not allow viewing the landmarks in all three planes at the same time, so the researcher requires to change planes continuously to check landmark position in all the different planes.

The possible effect of the segmentation process, the different software programs used for the superimposition as well as the landmark identification are sources of measurement error in 3D radiographic imaging.

The surface model construction in CBCT is based on the voxel-based data. A threshold value specifies each structure whether it is bone or soft tissue. The threshold value and gray value entered by the operator in to the CBCT machine determines the image accuracy. Also, the CBCT imaging lacks beam homogeneity which means that the gray value of the voxels of the CBCT of the same individual at different time points differ \[[@CR46], [@CR47]\].

The potential impact due to limited resolution of the CBCT data (0.3 mm) on the overall precision is not possible to quantify in this study as all three methods used the same data set. However, increasing imaging resolution and maintaining size of the scan would increase the radiation dose.

Finally, due to the lack of a control group differentiation between the treatment and normal growth changes was not possible.

Conclusions {#Sec19}
===========

Findings of the research indicate good to excellent intra-examiner reliability of the three 3D superimposition methods when assessed individually. However, when assessing reliability among the three methods, the ICC demonstrated less powerful agreement with a wide range of confidence interval. ICC values were the lowest when comparing the landmark-based method and the voxel-based (CMFreg/Slicer and Dolphin) methods. Moderate to excellent agreement was observed for the intra-examiner reliability when comparing the voxel-based methods against each other. Two of the three methods (CMFreg/Slicer and Dolphin) used in this study showed similar mean differences; however, the accuracy of the results could not be determined since none of them have been considered the gold standard for 3D superimposition in growing patients. The landmark-based method generated the highest measurement error among the three methods.

Appendix 1 {#Sec20}
==========

Table 12Descriptives of repeated measures for all distancesLandmarksSuperimposition methodMean (mm)95% Confidence intervalLower boundUpper boundANSVoxel-based CMFreg/Slicer Method2.6882.2073.170Landmark-derived Method6.0005.0836.917Voxel-based Dolphin Method2.5402.1172.963A-PointVoxel-based CMFreg/Slicer Method2.5412.0982.985Landmark-derived Method5.8484.8966.799Voxel-based Dolphin Method2.6712.2203.122PNSVoxel-based CMFreg/Slicer Method1.8501.3122.388Landmark-derived Method2.8712.4103.333Voxel-based Dolphin Method1.7341.4672.001OrRVoxel-based CMFreg/Slicer Method1.5831.2041.963Landmark-derived Method4.3143.5665.062Voxel-based Dolphin Method1.4201.1841.656OrLVoxel-based CMFreg/Slicer Method1.5431.1131.974Landmark-derived Method4.4713.7685.173Voxel-based Dolphin Method1.4541.2051.704MeVoxel-based CMFreg/Slicer Method5.6904.8926.488Landmark-derived Method9.2107.91210.509Voxel-based Dolphin Method5.5464.7716.321B-PointVoxel-based CMFreg/Slicer Method4.5953.9045.285Landmark-derived Method7.9666.6639.268Voxel-based Dolphin Method4.5003.8105.191GoRVoxel-based CMFreg/Slicer Method4.6234.0755.172Landmark-derived Method6.1415.2337.048Voxel-based Dolphin Method4.6924.1295.255GoLVoxel-based CMFreg/Slicer Method4.5763.8365.315Landmark-derived Method5.5694.8336.305Voxel-based Dolphin Method4.4493.8455.052PgVoxel-based CMFreg/Slicer Method5.0864.3405.832Landmark-derived Method10.1797.87312.495Voxel-based Dolphin Method5.0764.4345.718

Appendix 2 {#Sec21}
==========

Table 13Descriptive statistics - three methods per components95% Confidence intervalLandmarksSuperimposition methodMean (mm)Lower boundUpper boundANS R-LVoxel-Based CMFreg/Slicer Method0.057−0.1400.254Landmark-derived Method0.185−0.6220.992Voxel-based Dolphin Method0.096−0.1460.338ANS A-PVoxel-Based CMFreg/Slicer Method1.1030.5821.625Landmark-derived Method1.1460.4351.856Voxel-based Dolphin Method1.2100.7301.690ANS S-IVoxel-Based CMFreg/Slicer Method−1.717−2.130−1.305Landmark-derived Method−4.373−5.604−3.142Voxel-based Dolphin Method−1.680−2.060− 1.301A-Point R-LVoxel-Based CMFreg/Slicer Method0.036−0.1650.237Landmark-derived Method0.223−0.5460.992Voxel-based Dolphin Method0.127−0.0790.333A-Point A-PVoxel-Based CMFreg/Slicer Method0.6280.2790.978Landmark-derived Method0.534−0.0811.150Voxel-based Dolphin Method0.7860.4301.141A-Point S-IVoxel-Based CMFreg/Slicer Method−1.900−2.410−1.390Landmark-derived Method−4.503−5.742−3.265Voxel-based Dolphin Method−2.076−2.617−1.536PNS R-LVoxel-Based CMFreg/Slicer Method−0.064−0.2380.110Landmark-derived Method−0.079−0.3980.240Voxel-based Dolphin Method0.092−0.1080.292PNS A-PVoxel-Based CMFreg/Slicer Method−0.151− 0.5150.214Landmark-derived Method−0.650−1.156−0.144Voxel-based Dolphin Method−0.124− 0.5220.274PNS S-IVoxel-Based CMFreg/Slicer Method−1.217− 1.528−0.905Landmark-derived Method−1.974−2.537−1.411Voxel-based Dolphin Method−1.115−1.394−0.836Orbitale Right R-LVoxel-Based CMFreg/Slicer Method0.192−0.0450.428Landmark-derived Method0.353−0.4551.162Voxel-based Dolphin Method0.018−0.0830.120Orbitale Right A-PVoxel-Based CMFreg/Slicer Method0.9640.6671.262Landmark-derived Method1.1640.6441.685Voxel-based Dolphin Method1.0760.7881.363Orbitale Right S-IVoxel-Based CMFreg/Slicer Method0.1260.1080.360Landmark-derived Method2.0540.9803.129Voxel-based Dolphin Method0.1050.1450.354Orbitale Left R-LVoxel-Based CMFreg/Slicer Method−0.074−0.2130.064Landmark-derived Method−0.404−1.2680.460Voxel-based Dolphin Method−0.084− 0.2170.049Orbitale Left A-PVoxel-Based CMFreg/Slicer Method1.0550.7351.376Landmark-derived Method1.3580.9381.778Voxel-based Dolphin Method1.2170.9421.492Orbitale Left S-IVoxel-Based CMFreg/Slicer Method0.1980.0170.413Landmark-derived Method2.0570.9673.148Voxel-based Dolphin Method0.2420.0530.431Menton R-LVoxel-Based CMFreg/Slicer Method−0.117−0.4450.211Landmark-derived Method0.247−0.6911.185Voxel-based Dolphin Method0.013−0.3230.349Menton A-PVoxel-Based CMFreg/Slicer Method0.9000.1591.641Landmark-derived Method1.1220.5212.765Voxel-based Dolphin Method0.9940.2721.716Menton S-IVoxel-Based CMFreg/Slicer Method−4.922−5.680−4.163Landmark-derived Method−7.144−8.534−5.755Voxel-based Dolphin Method−4.964−5.719− 4.208B-Point R-LVoxel-Based CMFreg/Slicer Method−0.042−0.4020.318Landmark-derived Method0.132−0.8321.097Voxel-based Dolphin Method0.000−0.3530.353B-Point A-PVoxel-Based CMFreg/Slicer Method0.7110.0641.358Landmark-derived Method0.7940.5592.148Voxel-based Dolphin Method0.7860.1441.428B-Point S-IVoxel-Based CMFreg/Slicer Method−3.812−4.535−3.090Landmark-derived Method−5.854−7.369−4.339Voxel-based Dolphin Method−3.832−4.555− 3.109Gonion Right R-LVoxel-Based CMFreg/Slicer Method1.2960.9961.596Landmark-derived Method1.4961.0781.915Voxel-based Dolphin Method1.4041.1091.699Gonion Right A-PVoxel-Based CMFreg/Slicer Method−1.205−1.764−0.646Landmark-derived Method−2.651−3.994−1.308Voxel-based Dolphin Method−0.977−1.504−0.451Gonion Right S-IVoxel-Based CMFreg/Slicer Method−3.536−4.252−2.820Landmark-derived Method−3.638−4.435−2.840Voxel-based Dolphin Method−3.841−4.522−3.160Gonion Left R-LVoxel-Based CMFreg/Slicer Method−1.230−1.519−0.941Landmark-derived Method−1.130−1.462−0.797Voxel-based Dolphin Method−1.069−1.399−0.740Gonion Left A-PVoxel-Based CMFreg/Slicer Method−1.396−2.042−0.750Landmark-derived Method−2.135−3.083−1.186Voxel-based Dolphin Method−0.989−1.522−0.455Gonion Left S-IVoxel-Based CMFreg/Slicer Method−3.138−3.857−2.419Landmark-derived Method−3.929−4.753−3.105Voxel-based Dolphin Method−3.696−4.362−3.031Pogonion R-LVoxel-Based CMFreg/Slicer Method−0.037−0.3810.306Landmark-derived Method0.063−1.0681.193Voxel-based Dolphin Method−0.001−0.3290.327Pogonion A-PVoxel-Based CMFreg/Slicer Method1.0250.3221.729Landmark-derived Method0.115−1.7531.983Voxel-based Dolphin Method1.0950.4221.769Pogonion S-IVoxel-Based CMFreg/Slicer Method−4.216−4.949−3.483Landmark-derived Method−5.746−8.723−2.770Voxel-based Dolphin Method−4.425−5.087−3.762
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